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Ataxia-telangiectasia is a multifaceted syndrome
caused by null mutations in the ATM gene, which
encodes the protein kinase ATM, a key participant in
the DNA damage response. Retinal neurons are highly
susceptible to DNA damage because they are termi-
nally differentiated and have the highest metabolic
activity in the central nervous system. In this study,
we characterized the retina in young and aged Atm-
deficient mice (Atm�/�). At 2 months of age, angiog-
raphy revealed faint retinal vasculature in Atm�/� an-
imals relative to wild-type controls. This finding was
accompanied by increased expression of vascular en-
dothelial growth factor protein and mRNA. Fibrino-
gen, generally absent from wild-type retinal tissue,
was evident in Atm�/� retinas, whereas mRNA of the
tight junction protein occludin was significantly de-
creased. Immunohistochemistry labeling for occludin
in 6-month-old mice showed that this decrease per-
sists in advanced stages of the disease. Concurrently,
we noticed vascular leakage in Atm�/� retinas. Label-
ing for glial fibrillary acidic protein demonstrated
morphological alterations in glial cells in Atm�/� ret-
inas. Electroretinographic examination revealed am-
plitude aberrations in 2-month-old Atm�/� mice,
which progressed to significant functional deficits in
the older mice. These results suggest that impaired
vascularization and astrocyte–endothelial cell inter-
actions in the central nervous system play an impor-
tant role in the etiology of ataxia-telangiectasia and
that vascular abnormalities may underlie or aggravate
neurodegeneration. (Am J Pathol 2011, 179:1533–1541;
DOI: 10.1016/j.ajpath.2011.05.026)
Some brain disorders may have a vascular origin,1,2 and
vascular diseases can be directly linked to neuronal and
synaptic dysfunction through changes in the blood flow,
increase in blood–brain barrier permeability, and in nu-
trient supply.3 A healthy brain relies on the proper func-
tion and communication of all cells comprising the neu-
rovascular unit: neurons, astrocytes, brain endothelium,
and vascular smooth muscle cells.4

Impaired genomic stability interferes with cellular ho-
meostasis and poses a constant threat to cellular viabil-
ity.5 The cell combats this threat by activating the DNA
damage response (DDR), a complex signaling network
that detects the DNA lesions, promotes their repair, and
temporarily modulates cellular metabolism while the
damage is being repaired.6 The DDR is vigorously acti-
vated by DNA double-strand breaks (DSBs), a particu-
larly cytotoxic DNA lesion induced by ionizing radiation,
radiomimetic chemicals, and oxygen radicals.7,8 The
DNA damage response is a hierarchical process exe-
cuted by sensor/mediator proteins that accumulate at
DSB sites and by protein kinases that serve as transduc-
ers of the DNA damage alarm to numerous downstream
effectors.6 The primary transducer of the cellular re-
sponse to DSBs is the protein kinase ATM, which phos-
phorylates many key players in the various branches of
the DDR.9

Ataxia-telangiectasia (A-T) is an autosomal recessive
disorder caused by mutations in the ATM gene that en-
codes the ATM protein.10 A-T is characterized by pro-
gressive neurodegeneration affecting mainly the cerebel-
lum, which develops into severe neuromotor dysfunction;
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peripheral neuropathy; immunodeficiency that spans the
B- and T-cell systems; thymic and gonadal atrophy;
marked predisposition to lymphoreticular malignancies;
and chromosomal fragility and acute sensitivity to ioniz-
ing radiation. Cultured ATM-deficient cells exhibit severe
cellular sensitivity to DSB-inducing agents, with markedly
defective DSB response.

DSBs are constantly induced in all body cells by met-
abolic byproducts such as oxygen radicals. Oxidative
stress has been consistently associated with various neu-
rodegenerative conditions.11–14 Indeed, there is substan-
tial evidence for a role of oxidative damage in the pro-
gression of neurodegenerative disorders, including
Parkinson’s and Alzheimer’s diseases.15 Similarly, ele-
vated oxidative stress has been identified in several DNA
repair deficiencies, including A-T.16–22 Notably, ATM has
recently been shown to be activated by oxidative
stress.23 Ocular tissues, especially the retina, are ex-
posed to extremely high levels of reactive oxygen spe-
cies. Nevertheless, retinal neurodegeneration has not
been reported in A-T patients. The ocular manifestation of
the disease reported to date is scleral telangiectasia24,25

and saccadic abnormalities.26 Moreover, no retinal pa-
thology has been described to date in Atm-deficient mice
despite their increased sensitivity to reactive oxygen spe-
cies–inducing agents.27 We examined the link between
retinal vascular pathology and function in young and
aging Atm-deficient mice. We present evidence for vas-
cular changes that accompany neuronal deficiencies in
the retina.

Materials and Methods

Animals

Atm�/� mice28 were a generous gift from Dr. Anthony
Wynshaw-Boris (University of California, San Diego, CA).
Offspring of these mice were genotyped using PCR-
based assays based on mouse-tail DNA prepared using
the GenElute Mammalian Genomic DNA Miniprep kit
(Sigma, St. Louis, MO). Two- and 6-month-old Atm�/�

mice were used for this study, and age-matched Atm�/�

littermates (WT) were used as controls. Mice were
housed and maintained in the animal facility of Tel Aviv
University, and all experiments complied with protocols
approved by the university’s animal care committee.

Angiography

Mice were anesthetized by an intraperitoneal injection of
ketamine (80 mg/kg) and xylazine (4 mg/kg). An incision
was made into the peritoneal cavity, and the diaphragm
and pericardium were incised to visualize the heart. The
mice were perfused slowly through the left ventricle with
saline containing 25 mg of high-molecular-mass (2 �
106) fluorescein isothiocyanate-dextran (Sigma). Mice
were sacrificed by CO2 inhalation; the eyes were enucle-
ated and fixed in 4% paraformaldehyde for 1 hour. The
retinas were gently separated from the eyecups and
mounted on a microscope slide with mounting medium.

Four incisions were made to flatten the retina, which was
then covered with a coverslip. Imaging was performed on
a fluorescence microscope.

RT-PCR

To determine mRNA levels, we isolated the eyecups and
extracted the RNA using MasterPure RNA Purification kit
(Epicentre Biotechnologies, Madison, WI). We deter-
mined the total RNA concentration with nanodrop analy-
sis assay (260/280 nm) and further determined the purity
of the extraction (240/260 nm �1.95). The total RNA
concentration was diluted with molecular water (DNase,
RNase free; Sigma) to achieve approximately 500 ng/mL.
Samples containing equal amounts of total RNA (0.2 to 1
�g of RNA/sample) the type of were converted into cDNA
using the Verso cDNA kit (AB1453/B). The template (di-
luted with the water) was incubated for 5 minutes at 70°C
to remove secondary structure, and the corresponding
cDNA was synthesized.

Quantitative Real-Time PCR

Samples were analyzed for quantification of mRNA ex-
pression via reverse transcription followed by quantitative
real-time polymerase chain reaction using TaqMan (Ab-
solute Blue QPCR ROX Mix, AB-4138; Abgene). RT-PCR
assays were designed by Applied Biosystems (Foster
City, CA) and compared with �-actin (ACTB) RNA lev-
els.29 The comparative Ct method was used for quantifi-
cation of transcripts according to the manufacturer’s pro-
tocol. Measurement of �Ct was performed in duplicate or
triplicate. All reactions were performed with primer con-
centrations of 0.25 �mol/L in a total volume of 20 �L of
reaction.

Western Blot Analysis

Eyecups were washed with ice-cold PBS and homoge-
nized in ice-cold homogenization buffer containing 1:50
phosphatase inhibitor cocktail (I and II; Sigma-Aldrich, St.
Louis, MO) and 1:100 protease inhibitor cocktail. Protein
concentration was determined using Bio-Rad Protein As-
say (Hercules, CA). Western blot analysis was performed
using 10% polyacrylamide gels. Each lane was loaded
with an identical amount of protein extracts, which, fol-
lowing electrophoresis, were transferred into an immo-
bilon polyvinylidene disulfide membrane (Millipore, Bil-
lerica, MA) for at least 12 hours at 200 mA or for 90
minutes at 280 mA. Blots were stained with Ponceau to
verify equal loading and transfer of proteins. Membranes
were then probed with primary antibodies for vascular
endothelial growth factor (VEGF) (1:1000; Abcam, Cam-
bridge, UK) and fibrinogen (1:750; Dako, Glostrup, Den-
mark). Secondary antibody was goat anti-rabbit, IRDye
infrared dye conjugated (Li-Cor antibody, 1:1000; Li-Cor
Biosciences, Lincoln, NE) for 1 hour at room temperature.
Blots were scanned using the Li-Cor imaging system,
and band intensity was analyzed using Odyssey software

(Odyssey Software, West Henrietta, NY).
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Hemosiderin Labeling

Flat-mount retinas from Atm�/� and age-matched WT
mice were stained for hemosiderin deposits with Prus-
sian blue working solution (equal parts of freshly made
1% potassium ferrocyanide and 1% hydrochloric acid)
for 60 minutes at room temperature, washed in deion-
ized water, and counterstained with Nuclear Fast
Red Blue-stained clusters of hemosiderin staining were
qualitatively evaluated (presence/absence) from sec-
tions throughout the retina.

Immunohistochemistry

Anesthetized mice underwent intracardial perfusion with
200 mL of PBS to remove blood, and then with 25 mL of
4% paraformaldehyde. Eyes were enucleated and fixed
in 4% paraformaldehyde for 1 hour at room temperature.
The retinas were gently separated from the eyecups and
submerged in 0.5% Triton overnight for permeabilization.
The next day, the retinas were immersed in blocking
medium (1% bovine serum albumin, 10% normal donkey
serum, 0.25% Triton in PBS) for 2 hours, and then incu-
bated with primary antibody in blocking medium for 1
hour at room temperature, followed by overnight at 4°C.
Retinas were then incubated with the secondary antibody
for 2 hours at room temperature, and finally with Sytox
blue (1:1000; Invitrogen, Carlsbad, CA) in a buffer con-
taining Tris 10 mmol/L, EDTA 1 mmol/L (pH � 7.5) for 20
minutes for nuclear staining. The stained retinas were
placed in a drop of mounting medium on a microscope
slide, incised for flattening, and covered with a coverslip.
Primary antibodies used in this study included CD31 (rat
anti-mouse, 1:100; BD Biosciences, Franklin Lakes, NJ),
occludin (mouse anti-human, 1:100; Invitrogen), fibrino-
gen (rabbit anti-human, 1:250; Dako), and glial fibrillary
acidic protein (GFAP) (rabbit anti-human, 1:500; Sigma).
Secondary antibodies included AlexaFluor 488 and
AlexaFluor 594 (1:250; Invitrogen). Imaging was per-
formed on a Zeiss (Oberkochen, Germany) LSM-510
confocal microscope.

Electroretinographic Analysis

Animals were prepared under dim red light following
overnight dark adaptation. Anesthesia was induced by
intraperitoneal injection of ketamine (80 mg/kg) and xy-
lazine (4 mg/kg), and body temperature was maintained
with a heating pad. Electroretinographic responses
(ERGs) were recorded after fully dilating the pupils with
topical corneal 0.5% tropicamide and 2.5% phenyleph-
rine HCl. A gold-wire loop electrode was placed on the
cornea after topical 0.5% proparacaine HCl anesthesia. A
gold-wire reference electrode was positioned to touch the
sclera near the limbus of the eye, and a neutral electrode
was placed on the tail. ERGs were recorded with the LKC
system (LKC Technologies, Gaithersburg, MD) using gan-
zfeld stimulation. Dark-adapted responses were recorded
across a 5 log unit range of stimulus intensity in 1 log unit
steps up to maximum intensity of 1.4 log cd ● s/m2. Light-

adapted responses were recorded against a constant
white background light of 30 cd/m2 that suppresses rod
function. ERG responses were amplified and filtered (0.3
to 500 Hz).

Results

Increased Expression of VEGF in
Atm�/� Retinas

A-T patients show impairment in scleral blood ves-
sels.24,25,30 To assess similar pathological phenomena in
the mouse model, we examined retinal vasculature in
2-month-old WT and Atm�/� mice using fluorescent an-
giography. Blood vessels in the retinas of Atm�/� mice
were faintly illustrated in comparison to the WT retinas.
Figure 1 shows that vessels in the Atm�/� retinas appear
constricted relative to WT and suggests that there might
be changes in vessel density.

VEGF plays a major role in angiogenesis, and under
pathological conditions, changes in VEGF levels can
cause vascular dysfunction.31,32 Furthermore, it was sug-
gested that VEGF may alter vascular permeability by
regulating tight junctions.33 Therefore, we investigated
whether the vascular differences we observed between
retinas of Atm�/� and WT mice may be related to
changes in VEGF expression levels. Analysis of retinal
mRNA levels revealed a significant increase of 40% in
VEGF in the eyes of Atm�/� mice relative to WT controls

Figure 1. Attenuated blood vessels in retinas of Atm�/� mice. Flat-mount
retinas of 2-month-old WT (A, n � 5) and Atm�/� (B, n � 5) mice imaged
with a fluorescent microscope following intracardial perfusion with dextran-
fluorescein. Insets show larger magnification of optic nerve region (white
frame) and typical peripheral region (yellow frame).
(Figure 2A). We further analyzed the VEGF levels using
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Western blot analysis and found that VEGF protein expres-
sion was significantly higher (35% increase) in the retinal
tissue of Atm�/� mice than in WT retinas (Figure 2B). These
results suggest that there is a linkage between VEGF ex-
pression and blood vessel pathology in Atm�/� mice.

Pathological Changes in Tight Junctions in
Atm�/� Mice

Increased VEGF levels have been implicated as a detri-
mental factor causing neovascularization and vascular
permeability in age-related macular degeneration.34 In-
creased vascular permeability is induced through a
mechanism involving decreased expression of occludin
in vascular endothelial cells35; therefore, we examined
occludin expression in the ocular tissues. At 2 months of
age, occludin mRNA was significantly decreased in
Atm�/� mice by an average of 60% compared to WT
(Figure 3A). To test whether reduced occludin levels per-
sist at older age, we examined occludin localization in the

Figure 2. Increased VEGF levels in Atm�/� mice. Real-time RT-PCR (A) and
Western blot (B) analyses reveal significantly higher levels of VEGF in
eyecups of Atm�/� mice relative to VEGF levels in WT control mice. Statis-
tical values were calculated by 2-tailed Student’s t-test. *P � 0.05.
retinas of 6-month-old animals. Immunohistochemical
analysis revealed distinct occludin labeling in blood ves-
sels throughout the retina in WT mice, and only faint
labeling in retinas of 6-month-old Atm�/� mice (Figure
3B), suggesting that excessive expression of VEGF alters
occludin expression resulting in blood vessel pathology.

Microhemorrhage Incidents in Atm�/� Mice

Fibrinogen is normally absent from healthy retinal tissue,
but has been demonstrated in retinas treated with
VEGF.36 It is a major player in pathologies involving dam-
age to blood vessels. Using Western blot analysis, we
found that protein levels of fibrinogen were significantly
higher in retinas of 2-month-old Atm�/� mice than in
age-matched controls (Figure 4A). Immunohistochemical
analyses of flat-mount retinas showed fibrinogen in asso-
ciation with retinal blood vessels in the Atm�/� mice,
whereas fibrinogen was only slightly evident in retinas of

Figure 3. Reduced levels of occludin in Atm�/� mice. A: Real time RT-PCR
analysis shows significantly lower levels of occludin in eyecups of Atm�/�

mice relative to WT control mice at 2 months of age. Statistical values were
calculated by 2-tailed Student’s t-test. *P � 0.0025. B: Confocal images of
flat-mount retinas of 6-month-old WT and Atm�/� mice immunolabeled for

CD31 (red) and occludin (green). Cell nuclei are labeled with Sytox Blue
(blue). Upper scale bar: 50 �m, lower scale bar: 10 �m.
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control animals (Figure 4B). We further examined whether
the pathological changes apparent at 2 months are pro-
gressive. We found a similar pattern in older mice (6
months of age). Furthermore, we found evidence of vas-
cular leakage in these animals. Using confocal micros-
copy, we found that fibrinogen labeling was observed in
clusters outside blood vessels in Atm�/� retinas,
whereas it colocalized with the endothelial cell marker in
the retinas of WT mice (Figure 4C). Indeed, increases in
fibrinogen levels, as well as reduced occludin content,
have been previously associated with increased vascular
permeability.35,37 To further examine vascular integrity by
another parameter, we used the marker hemosiderin.
Deposits of hemosiderin are breakdown products of he-
moglobin and reflect microhemorrages that occurred
previously.38 Immunohistological analysis revealed de-
posits of hemosiderin in Atm�/� retinas as early as 2
months of age, whereas WT retinas lacked evidence of
such deposits (Figure 5).

Astrocyte-Vascular Pathology in Atm�/� Mice

Astrocyte–endothelial cell interaction plays a major role

Figure 4. Increased fibrinogen expression in retinas of Atm�/� mice. A: We
in the Atm�/� retinas in comparison to age-matched controls. Statistical va
flat-mount retinas of mice at 2 months of age show fibrinogen (green) in blo
no labeling in WT controls. Cell nuclei are stained with Sytox Blue (blue).
vessels in a representative retina from an Atm�/� mouse. In the WT, fibrinog
bar: 10 �m, lower scale bar: 20 �m.
in the function of the vascular unit, and dysfunction in
their interaction may lead to microhemorrhages.39 Fur-
thermore, astrocytes are known to regulate the brain’s
endothelial barrier by releasing soluble factors such as
VEGF.40 We investigated retinal astrocytes by examining
the levels of GFAP in flat-mount retinas. Using confocal
microscopy, we targeted the interaction of astrocytes
(marked by GFAP) with endothelial cells (marked by
CD31). As shown in Figure 6, in retinas of WT mice, the
processes of the astrocytes appear to form an even net-
work that encases the blood vessels, whereas in retinas
of Atm�/� mice, the astrocytic processes appear short
and stubby, as found in cases of gliosis, and seem to be
unable to form a continuous regular net alongside the
blood vessels. These results suggest that Atm deficiency
leads to pathological changes in astrocytes and impairs
their ability to support the blood vessels.

Vascular Pathology Results in Decreased
Retinal Function in Atm�/� Mice

We asked whether impairment in the astrocyte–endothe-
lial cell interaction observed in Atm�/� mice might lead to
functional deficits. Retinal function was evaluated by

t analysis depicts a statistically significant increase of 60% in fibrinogen level
re calculated by 2-tailed Student’s t-test. *P � 0.05. B: Confocal images of
ls (stained with the pan-endothelial marker CD31, red) of Atm�/� mice, but
r imaging at 6 months of age reveals fibrinogen labeling external to blood
ing is absent or confined to the vessel. Upper scale bar: 50 �m, middle scale
stern blo
lues we
od vesse
C: Simila
ERG. Dark-adapted responses of 2-month-old mice
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showed no differences in a- and b-wave amplitudes be-
tween Atm�/� and WT mice. In light-adapted responses,
however, both a- and b-wave amplitudes of Atm�/� mice
were consistently lower than in WT across the range of
stimulus intensities. b-Wave amplitude at maximal stimu-
lus intensity was 378 � 30 �V in the wild type, and 291 �
38 �V in the Atm�/� mice (Figure 7). To assess whether
these early degenerative signs are progressive, we ex-
amined retinal function in 6-month-old mice. The a- and
b-wave amplitudes of Atm�/� retinal responses were
consistently lower by 40% or more than the amplitudes in

Figure 5. Vascular leakage in retinas of Atm�/� mice. Whole-mount retinas
of WT and Atm�/� mice were stained for hemosiderin to indicate deposits
resulting from microhemorrhages. The lower panel shows a larger magni-
fication of the area marked with a rectangle in the image of Atm�/� retina.
Blue deposits of hemosiderin were evident in retinas of Atm�/� mice (several
indicated with arrows), but scarcely in retinas of WT mice.

Figure 6. Glial cell alterations in retinas of Atm�/� mice. Confocal images of
flat-mount retinas from WT and Atm�/� mice, labeled for CD31 (red) and

GFAP (green). Insets depict characteristic regions marked with a yellow
frame at a larger magnification.
control age-matched mice in the dark-adapted ERG (Fig-
ure 7). These differences were statistically significant
across the range of stimulus intensities. At maximal stim-
ulus intensity, b-wave amplitude was 73% higher in WT
(1355 � 133 �V) than in Atm�/� mice (783 � 48 �V, P �
0.01). Similarly, b-wave amplitudes of the light-adapted
responses were lower in Atm�/� mice than in the re-
sponses of the control mice. At maximal intensity, b-wave
amplitude in WT mice was 40% higher than in Atm�/�

mice.

Discussion

Here, we show that Atm deficiency in mice leads to im-
paired retinal vasculature. Furthermore, we found signif-
icant elevation in astrocyte-secreted VEGF, which might
play a role in vascular pathology. Collectively, our data
suggest an important role for astrocyte–vascular interac-
tion in Atm-deficient mice and probably A-T patients.

There is growing attention to the role of glial cells in
neuropathologies.41 Transgenic and knockout mouse

Figure 7. Retinal functional deficits in Atm�/� mice. A: Representative dark-
and light-adapted responses of 6-month-old WT and Atm�/� mice. B: Aver-
age responses of WT (full gray line, circles, n � 5) and Atm�/� (broken black
line, squares, n � 8) mice at 2 months and 6 months (WT n � 5, Atm�/�

n � 5) of age. Average and SE bars are shown for a-wave (open symbols) and
b-wave (filled symbols). The a- and b-wave amplitudes were significantly
higher in dark-adapted responses of WT mice compared to Atm�/� mice at
all stimulus intensities at 6 months. An asterisk denotes statistically significant
amplitude difference at individual stimulus intensities in the graph of light-
adapted responses. Statistical values were calculated by 2-tailed Student’s
t-test. *P � 0.05.
models for certain astrocyte-specific proteins demon-
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strated neuropathologies.42,43 Astrocyte abnormalities
and their influence on Purkinje cells have also been re-
ported in Atm�/� cells.41,44,45 Electron microscopy ob-
servations have detected structural activation of glial
cells in Atm knockout mice.46 Ultrastructural alterations in
astrocytes have been demonstrated alongside neuronal
degenerative processes in Atm�/� mice in cerebellar
tissue.46 Furthermore, astrocytes from Atm�/� mice ex-
hibited growth arrest and growth defects, which may be
due to oxidative stress.41,47 Retinal neurons are termi-
nally differentiated and are therefore, like other neurons in
the brain, irreplaceable. The ongoing visual processes
require large amounts of energy, which cause the retina
to have the highest oxygen consumption in the mamma-
lian brain.27,48,49 This creates a stressful environment,
with the metabolic byproducts that are formed, primarily
reactive oxygen species, constantly attacking neuroreti-
nal DNA.27,50,51 Like the rest of the central nervous sys-
tem, the retina depends on glia, mostly Muller cells and
astrocytes, for proper function. We have discovered that
the pathological appearance of astrocytes along the ret-
inal blood vessel may result in microhemorrhage inci-
dents.

ATM controls DDR, which is, in turn, critically important
for normal retinal development and maintenance. Retinal
and choroidal vascular abnormalities were associated
with Atm missense variants.52,53 Our findings support this
and show vascular abnormalities in the mouse model of
Atm. These blood vessel abnormalities are likely to result
in impaired oxygen diffusion to the retina. The resulting
hypoxia can strongly up-regulate VEGF.31,32,54 VEGF is a
major factor in different types of angiogenic disorders
including those associated with cancer, ischemia, and
inflammation.55 It is a member of a group of growth fac-
tors and hormones that alter vascular permeability by
regulating tight junctions.33

In the eye, excessive VEGF has been implicated as a
detrimental factor causing neovascularization and vascu-
lar leakage in age-related macular degeneration34 and in
proliferative retinopathies.56 VEGF is not only up-regu-
lated in response to hypoxia and nonperfusion, but may
also be an underlying cause of them.57 In addition, VEGF
can induce hypertrophy of endothelial cells of retinal cap-
illaries, at the expense of lumen diameter.57,58 We pro-
vide evidence for an increase in VEGF in the retinas of
Atm�/� mice. This can account for the vasoconstriction
and vascular leakage that we found in the retinas of
Atm�/� mice.

Fibrinogen, a factor that is intertwined with VEGF, may
also have multiple effects on the retinal abnormalities in
the Atm�/� mice that we report here. We report a signif-
icant increase in fibrinogen levels, as early as 2 months of
age and ongoing to advanced stages of the disease.
Increased fibrinogen content leads to its binding to en-
dothelial receptors, intercellular adhesion molecule-1
(ICAM-159,60) and �5�1 integrin.60,61 This induces in-
creased formation of F-actin, leading to stiffening of cells
and actin filament retraction.37,62–66 Furthermore, in-
creased levels of fibrinogen have been shown to down-
regulate endothelial tight junction proteins.67 Both of

these processes lead to widening of interendothelial
junctions and increased vascular leakage in the paracel-
lular route, as demonstrated by fibrinogen and hemosid-
erin labeling in this study. Fibrinogen can also induce
vasoconstriction through the production of endothelin-
1.63 This, too, could be manifested in the vessel narrow-
ing evident in the angiography imaging.

One of the tight junction proteins that is affected by
fibrinogen as well as by VEGF and that contributes to
vascular permeability is occludin.67 We demonstrated
here that occludin is significantly reduced in the retinas of
Atm�/� mice at 2 months of age. In parallel, we found
indications for interstitial accumulation of blood by hemo-
siderin staining. However, the angiographic and fibrino-
gen evaluation at 2 months did not reveal clear evidence
of vascular leakage as one might expect. A study on
occludin-null mice showed that occludin is not required
for maintaining functional tight junctions, and that cells of
these mice form structurally intact tight junctions despite
the absence of occludin.68,69 It is possible that in our
case, too, the reduction in occludin is compensated for
by the presence of other tight junction proteins at this
relatively early stage of the disease. The symptomatic
picture is aggravated with time, as shown by fibrinogen
labeling at 6 months, perhaps as other components of the
tight junction are also impaired.

High levels of the activated phosphorylated form of
ATM were detected in the cytoplasm of mouse photore-
ceptors.27 Cerebellar cells of Atm�/� mice spontane-
ously develop elevated levels of oxidative DNA dam-
age,15,70,71 and it is reasonable that photoreceptor cells
will suffer similar damage and show reduced perfor-
mance. The functional changes that we report here dem-
onstrate progressive conspicuous neuroretinal deficien-
cies. We found that ERG at 2 months points to early signs
of degeneration. In a progressive stage of the disease, at
6 months of age, significant functional defects are evi-
dent that involve both rod and cone systems. Amplitude
reductions in the b-wave suggest that the damage may
be more extensive and include the inner layers of the
retina beyond the photoreceptors as well. These findings
concur with subtle neurological abnormalities reported
previously, including electrophysiological deficien-
cies.15,22,46,72–77

The symptomatic picture presented in A-T patients is
complex and multifaceted, partly progressive, and occa-
sionally fixed over a limited period of time. The diversity of
systems affected by the disease and their interconnec-
tions makes it difficult to determine which of the disease
manifestations is primary and which reflects added sys-
temic complications. The diagnosis of A-T based on its
clinical manifestations is challenging.78 Ocular symp-
toms of telangiectasia and saccadic abnormalities in A-T
patients generally appear 4 to 5 years after first signs of
ataxia.26

The abnormalities that we present here encompass
neuronal, glial, and vascular changes. We suggest that
the changes in the retinal glio-neurovascular unit are
underlying factors that aggravate the functional deficits
that we report in advanced stages of the disease. We
suggest that the retina could serve as a useful window to

central nervous system pathology in A-T models in future
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studies, as signs are apparent at the young age of 2
months. The additional ocular alterations described here,
if replicated in human patients, could assist in earlier
diagnosis of the disease.
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